Background
Weaning failure is defined as the inability to liberate a patient from the ventilator. Therefore, the term 'weaning failure' encompasses the failure of a spontaneous breathing trial (SBT) or the need to resume mechanical ventilation after extubation within 48 h to seven days [1] . The majority of patients are safely weaned from the ventilator after a first attempt, some are even extubated without any SBT [2] . Thereby, weaning failure occurs in a minority of patients but represents an important burden in term of days of mechanical ventilation, intensive care unit (ICU) lengths of stay and morbi-mortality [2] . Investigating the causes of weaning failure is therefore crucial because the duration of mechanical ventilation for those who fail the SBT [2] and the reintubation for those in whom reintubation is needed [3, 4] have both been associated with poor outcomes. Ultimately, identifying the reason why a patient fails the weaning process might help to reduce the duration of mechanical ventilation and hence to improve patient outcomes. Recent findings suggest that diaphragm dysfunction is frequently involved during weaning failure [5, 6] and that it is associated with poor prognosis at time of liberation from mechanical ventilation [7, 8] . Until recently, exploration of the diaphragm has not been convenient to achieve at the bedside. This factor may explain the growing interest in ultrasound. Diaphragm ultrasound provides non-invasive indices that describe the structure and the function of the muscle. Herein, we summarize the mechanisms of diaphragm dysfunction in the critically ill and describe current approaches aimed at assessing diaphragm function at the bedside. We discuss some recent aspects of the epidemiology and risk factors for diaphragm dysfunction at the time of weaning from mechanical ventilation. Finally, latest advances regarding preventive and curative strategies for diaphragm dysfunction are presented.
Mechanisms of diaphragm function
A comprehensive review describing the mechanisms of diaphragm dysfunction in the ICU has been published recently [9] . In the following lines, we briefly summarize the existing literature on this topic. The main experimental model of diaphragm dysfunction comes from experimental studies where ventilator-induced diaphragm inactivity was used as the promoter. From these studies, ventilatorinduced diaphragm dysfunction was defined in 2004 as loss of diaphragmatic force-generating capacity specifically related to the use of mechanical ventilation [10] . Elucidating the mechanisms leading to diaphragm dysfunction requires biopsies, an option rarely used in the ICU. Nevertheless, in recent years, better understanding has been achieved by obtaining diaphragm specimens from very specific populations, such as brain dead organ donors [11] and thoracic surgery patients [12] . It is now established that diaphragm dysfunction is accompanied by two landmark pathophysiological features: disuse atrophy and microstructural changes [9] . The first study reporting evidence of diaphragm atrophy in adults was published by Levine and coworkers [11] . This group established, in 14 brain dead organ donors, that disuse atrophy occurred shortly after the start of controlled mechanical ventilation [11] . In addition, muscle fiber atrophy was associated with signs of increased oxidative stress and with an increase in muscle proteolysis biomarkers. Oxidative stress, downregulation of protein synthesis and activation of proteolytic pathways represent the biochemical changes of diaphragm dysfunction.
Interestingly, no such atrophy or sign of oxidative stress has been noted in the pectoralis [11] or latissimus dorsi [12] muscles.
Detection of diaphragm dysfunction in ICU patients
Several methods are now available to detect the presence of diaphragm dysfunction in critically ill patients (Fig. 1) . Although bilateral anterior magnetic phrenic stimulation (BAMPS) is considered as the reference method [13] , it Fig. 1 Techniques to investigate diaphragm function in the ICU must be pointed out that it is a relatively recent technique, used in the ICU only in the last 20 years [14, 15] . Physiologically speaking, diaphragm dysfunction can be defined as a reduced ability of the diaphragm to generate a negative intrathoracic pressure, regardless of the origin of the observation. BAMPS elicits an isolated contraction of the diaphragm and enables the change (twitch) in endotracheal pressure (Pet,tw) or in transdiaphragmatic pressure (Pdi,tw) to be measured [15] . Based on this method, diaphragm dysfunction is defined as a decrease in its capacity to generate a negative intrathoracic pressure, usually less than 11 cmH 2 O [13] . Although this method provides a rigorous assessment of diaphragm function, it is only available in expert centers and requires costly equipment, precluding its generalization.
By contrast, ultrasound is widely available in every ICU and, furthermore, it is totally non-invasive. The use of ultrasound is growing in the ICU and may become a key player in the evaluation of diaphragm function during weaning. From two distinct approaches, diaphragm ultrasound provides structural and functional assessment of the muscle, the right side being the most frequently evaluated. Using the intercostal approach, the diaphragm is examined on its zone of apposition to the rib cage. At this location, ultrasound enables measurement of the end-expiratory (Tee) and peak inspiratory (Tei) diaphragm thickness. The diaphragm thickening fraction (TFdi) is computed as the difference between Tei and Tee, divided by Tee. TFdi is tightly correlated with transdiaphragmatic pressure [16] , an estimator of diaphragm function [13] . Only one study has compared diaphragm ultrasound and BAMPS and reported a good correlation between TFdi and the change in tracheal pressure generated by the phrenic nerves stimulation (r = 0.87), provided that patients trigger the ventilator [7] . According to this study, a TFdi cut-off of 29% is an optimal value to identify diaphragm dysfunction [7] . With the subcostal approach, the diaphragm is assessed by the excursion of the dome. Using transdiaphragmatic pressure as a reference, Lerolle et al. identified a diaphragm excursion cut-off less than 2.5 cm to define diaphragm dysfunction [17] .
Electromyography (EMG) of the diaphragm was first described more than 50 years ago. It provides diaphragm electrical activity (EAdi), which is the spatial and temporal summation of neural impulses. Diaphragm EMG can be obtained easily and continuously through the use of a dedicated nasogastric feeding catheter equipped with multiarray electrodes. EAdi is tightly correlated to a patient's inspiratory effort and is a good estimate of diaphragm function. Combining EAdi with the breathing pattern provide indices that evaluate the diaphragm's contribution to the generation of tidal volume (V T ). For example, the ratio of V T to EAdi (V T /EAdi) represents the neuroventilatory efficiency of the diaphragm. When V T /EAdi is high, it indicates that a patient generates a large V T with a relatively low EAdi, whereas when V T /EAdi is low, this indicates that despite a high EAdi, V T is low. This index reflects the ability of the diaphragm to convert respiratory drive into ventilation. A low V T /EAdi suggests severe impairment of neuromechanical coupling. EAdi-derived indices have been used to discriminate patients with weaning failure [18, 19] . Interestingly, monitoring neuroventilatory efficiency during an SBT enables very early (after 3 min) detection of patients likely to fail the test [18] . However, the performance of EAdi-derived indices to predict weaning failure is not better than the performance of the rapid shallow breathing index [18] , a popular weaning predictor that is not specific to the diaphragm.
Risk factors and population concerned by diaphragm dysfunction at time of weaning
Several risk factors are associated with the occurrence of diaphragm dysfunction in the ICU. In the sickest patients, it is likely that multiple factors hit simultaneously. Some are present before the ICU admission (sepsis, shock) while others develop during the stay (mechanical ventilation) (Fig. 2) . Confirming a previous report showing that sepsis induced preferential diaphragm atrophy [20] , Demoule et al. established that, on admission, sepsis is an independent risk factor for diaphragm dysfunction [21] . An important but not elucidated question is whether the delay between sepsis onset and ICU admission is correlated with the severity of the dysfunction. In the same study [21] , disease severity, as assessed with Simplified Acute Physiology Score (SAPS) II, was also independently associated with diaphragm dysfunction, suggesting that diaphragm dysfunction behaves as any other organ failure. Shock states, in particular of cardiogenic origin, are associated with diaphragm dysfunction [22] . The imbalance between oxygen supply and demand during cardiogenic shock can ultimately result in diaphragm fatigue Fig. 2 Main factors contributing to diaphragm weakness before and on ICU admission and after exposure to mechanical ventilation [22] . Although these findings performed in animals have not been replicated in humans, they are based on a strong methodology and have a strong 'face validity' for clinicians.
After ICU admission, patients may be exposed to prolonged mechanical ventilation, a risk factor for diaphragm dysfunction [10] . Two studies used BAMPS to serially investigate diaphragm function in a limited number of patients [23, 24] . Both reported a time-dependent deterioration in diaphragm function with increased duration of mechanical ventilation [23, 24] . Speculating that atrophy would constitute a meaningful marker of diaphragm function, these findings were confirmed by Grosu et al. who observed a time-dependent decline in diaphragm thickness by ultrasound in seven patients receiving mechanically ventilation [25] . Larger cohorts [26, 27] have now confirmed this very preliminary observation [25] . As expected, in a series of medical ICU patients undergoing mechanical ventilation in whom diaphragm function was investigated by the phrenic nerve stimulation technique at the time of weaning, the duration of mechanical ventilation from intubation to weaning was associated with the occurrence of diaphragm dysfunction [6] . Nevertheless, this effect was not retained in a multivariable analysis incorporating other risk factors [6] . These findings support the hypothesis that rather than mechanical ventilation per se, it is the inactivity of the diaphragm that is the critical determinant of dysfunction. This assumption was incidentally confirmed by Goligher et al. who reported that changes in diaphragm thickness were modulated by a patient's inspiratory efforts: the lower the inspiratory effort, the greater the atrophy [26] . In a subsequent study, the same team also demonstrated that diaphragm atrophy developing during the ICU stay was associated with prolonged duration of mechanical ventilation, increased risk of reintubation and tracheostomy [28] . In addition to mechanical ventilation, some drugs, such as corticosteroids and neuromuscular blocking agents, may generate diaphragm dysfunction but their effects are not univocal.
Critical illness polyneuropathy and myopathy are frequently observed in patients with weaning failure [29] and coexist with respiratory muscle weakness [5, 30] . Since the detection of diaphragm dysfunction is a challenge in daily practice, it would be tempting to use critical illness polyneuropathy and myopathy as a surrogate. However, accumulating evidence indicates that it would be a cursory glance. First, as demonstrated by experimental and clinical studies [11, 31] , the consequences of prolonged unloading of the diaphragm are distinct from the consequences of unloading limb muscles. Second, the diaphragm seems preferentially affected compared to limb muscles in septic patients [20] and to the latissimus dorsi muscle in mechanically ventilated patients [12] . Whether diaphragm dysfunction is a respiratory component of critical illness polyneuropathy and myopathy is therefore not established. Hence, diaphragm dysfunction is not always present in patients with critical illness polyneuropathy and myopathy [5] and the correlation between the two diseases is weak [6] or lacking [5] . In addition, there is a distinct difference between diaphragm dysfunction and critical illness polyneuropathy and myopathy, as the latter condition is often associated with conduction abnormalities in electrophysiological studies [9] . The prognosis of both diseases is also clearly different as diaphragm dysfunction is more likely to be associated with weaning failure and ICU mortality, whereas critical illness polyneuropathy and myopathy is associated with prolonged duration of ICU stay but not with mortality [6] . Therefore, the presence of critical illness polyneuropathy and myopathy is not sufficient to establish the presence of diaphragm dysfunction and further investigations are needed before confirming the diagnosis.
Presence and impact of diaphragm dysfunction at the time of weaning
Weaning failure is provoked by a constellation of causes, some of them potentially linked. When the capacity of the system (respiratory muscle strength, respiratory drive) is reduced, the load (lung disease, fluid overload, cardiac dysfunction, abnormality of the chest wall) is increased, leading to respiratory load/capacity imbalance. The weight of the diaphragm in the load/capacity balance is heavy but it is important to remember that decreased capacity of the respiratory system can also be the consequence of impaired respiratory drive or neuromuscular dysfunction. Impaired respiratory drive is an obvious cause of weaning failure. It can be easily identified by a simple physical examination showing signs of encephalitis or stroke. Since weaning from the ventilator in this category of patients is a specific issue, it is not addressed in the present review.
As noted earlier, exploring diaphragm function is not straightforward in the critically ill, which may explain why some investigators opted rather to investigate global respiratory function [30] . Thus, respiratory muscle weakness has been reported to be associated with delayed weaning in some studies [30] , but not in all [5] . This discrepancy may be explained by differences in duration of mechanical ventilation and by population characteristics in the two studies [5, 30] . Looking at diaphragm function, there is now compelling evidence to establish a relationship between diaphragm dysfunction and weaning failure [6, 8, 17] . However, the incidence of diaphragm dysfunction is not yet completely established and may depend on the population that is investigated and on the diagnostic method that is employed. Accordingly, the incidence of diaphragm dysfunction ranges from 23 to 80% (Table 1) . Using diaphragm ultrasound, Kim et al. identified diaphragm dysfunction in 24/82 medical ICU patients (29%) undergoing a first SBT [8] . Diaphragm dysfunction was associated with a longer total duration of mechanical ventilation (576 vs. 203 h, p < 0.01) and a longer weaning duration (401 vs. 90 h, p < 0.01) [8] . Using BAMPs at the time of weaning, diaphragm dysfunction was present in 48/76 (63%) non-selected ICU patients [6] and in 32/40 (80%) patients with critical illness polyneuropathy and myopathy [5] . In the first study, diaphragm dysfunction was associated with difficult weaning, prolonged duration of mechanical ventilation, prolonged ICU stay and greater ICU and hospital mortality [6] . In the second study [5] , among the 13 patients who died during the ICU stay, 10 (77%) had diaphragm dysfunction on the day of the SBT.
Because of its negative impact on weaning, it may be worthwhile to use diaphragm function as a predictor of weaning failure. Patients with weaning failure consistently have a lower TFdi compared to patients with successful weaning ( [5, 6, [32] [33] [34] [35] ; Table 2 ). From these studies, the optimal Tfdi cut-off to predict successful weaning ranges from 20 to 36% depending on the ventilator support provided during the measurement; the higher the support, the lower the Tfdi.
Management of weaning failure as a result of diaphragm dysfunction
As soon as diaphragm dysfunction is diagnosed in a patient failing the weaning process, there is a need for caregivers to develop strategies aimed at reducing the duration of mechanical ventilation. However, efforts have to be taken before this step by applying preventive strategies.
Preventive strategies
Maintaining spontaneous breathing under mechanical ventilation alleviates diaphragm dysfunction in animals [36, 37] . Accordingly, a first preventive task may be to favor spontaneous inspiratory effort in patients exposed to mechanical ventilation. This could be achieved by optimizing the level of ventilator assistance and by enhancing sedation strategy. The balance between diaphragm unloading and diaphragm loading is, however, difficult to determine. Although no data are available at this time, the use of ultrasound may be useful to monitor diaphragm activity and to tailor ventilator support in this context. Another interesting option, although not yet investigated in humans, is to cause intermittent contraction of the diaphragm in order to prevent atrophy [38] . Diaphragm pacing can be applied through a transvenous phrenic nerve pacing system designed to be percutaneously placed in the left subclavian vein. This technique has been employed in pigs exposed to mechanical ventilation. Mechanically ventilated (but not paced) pigs suffered significant diaphragm atrophy and loss of endurance. In contrast, pigs that received transvenous phrenic nerve pacing in synchrony with ventilation exhibited less diaphragm atrophy [38] . Whether preventive diaphragm pacing would be possible and effective in patients receiving mechanically ventilation has yet to be proved. Targeting the population who could benefit from this strategy will be the next challenge.
Curative strategies
There is no specific treatment for diaphragm dysfunction. Management of patients failing the weaning process in whom diaphragm dysfunction has been identified require global evaluation and a multi-approach strategy. We will first review the possible tasks that could be applied in daily practice and then briefly discuss some promising research developments. All potential causes of weaning failure need to be looked for and removed before resuming the weaning process. Notably, attention has to be paid to the occurrence of weaning-induced cardiac dysfunction, a frequent and treatable cause of weaning failure [39] . Several methods exist to detect weaning-induced cardiac dysfunction [39, 40] and the use of nitrates or diuretics is a good option in this context. Whether diaphragm dysfunction may worsen or alleviate underlying cardiac dysfunction is unclear and the coexistence of these two frequent causes of weaning failure has to be investigated further. Although pleural effusion is not particularly associated with weaning failure [41] , some data suggest that removing large pleural effusions may improve diaphragm function [42] . However, the impact of such an intervention on weaning has not yet been established.
If diaphragm dysfunction is identified as a reason for weaning failure, improving respiratory muscle function is a meaningful option. In the ICU, muscle-directed therapies have used various forms of volitional or electrically-induced exercises. The most promising therapy seems to be inspiratory muscle training but only a few studies have been conducted. When looking at studies on inspiratory muscle training, two factors must be considered. First, the modalities of the 'control' arm to which inspiratory muscle training is compared should be carefully examined because there is considerable heterogeneity in practice. Second, the impact of the intervention should have clinical relevance. There is no real benefit of improving inspiratory muscle force itself, attention has to be paid to clinical outcomes, such as shortened duration of mechanical ventilation, successful extubation or greater survival. The largest study enrolled 69 long-term ventilated patients and randomized them to receive either inspiratory muscle training or control training [43] . Inspiratory muscle training consisted of a 5-day-a-week program with four sets of 6 to 10 breaths per day. During each set, patients breathed through a threshold inspiratory muscle trainer and patients in the control group used a resistive inspiratory muscle training device set at the largest opening. In this study, inspiratory muscle training significantly improved maximal inspiratory pressure and successful weaning was more likely [43] . In another study, it was recently reported that inspiratory muscle training performed after successful extubation improved respiratory muscle function but without any clinical benefit [44] . Furthermore, the intervention group had a trend toward greater mortality (12 vs. 0%, p = 0.051). In summary, inspiratory muscle training appears to be effective by improving markers of respiratory muscle function but fails to produce any clinical benefits, in particular on the duration of mechanical ventilation. In the future, the optimal timing to start inspiratory muscle training will need to be determined as well as the target population likely to benefit from this therapy.
Since anabolic steroids increase muscle force in healthy individuals, there is a rationale for their use in patients with diaphragm dysfunction. Although several trials have been conducted in patients with chronic disease, no clear clinical benefits have been identified and they are not indicated in ICU patients. Conversely, the use of inotropes may be of interest to restore diaphragm function. Levosimendan is a cardiac inotrope that exerts positive effects on the contractility of muscle fibers. In healthy subjects, levosimendan reverses diaphragm fatigue and improves neuromechanical efficiency of the diaphragm [45] . However, in a recent trial in which levosimendan was tested to prevent acute organ dysfunction in sepsis, patients who received the drug were more likely to fail weaning from mechanical ventilation (95%CI 0.60 to 0.97, p = 0.03) [46] . Further studies are therefore needed to elucidate the potential indication of levosimendan in patients with diaphragm dysfunction.
As described above, diaphragm pacing is a novel method that can stimulate the diaphragm. This method could be viewed as an effort to support, maintain and strengthen the diaphragm in patients with weaning failure. A phrenic nerve stimulator has been developed as a temporary, minimally invasive, percutaneously-placed, transvenous pacing system intended for use in conjunction with mechanical ventilation. A randomized controlled trial is currently investigating the effect of diaphragm pacing on weaning outcome (NCT03107949).
As re-intubation is associated with increased mortality, any strategy aimed at reducing the rate of post-extubation respiratory failure and avoiding re-intubation deserves consideration. The benefits of early application of noninvasive ventilation soon after extubation have been assessed in unselected patients and in at-risk patients (i.e., > 65 years old or patients with underlying cardiac or respiratory disease). Whether diaphragm dysfunction constitutes an additional risk factor for extubation failure has yet to be determined. If this is shown to be the case, further studies may investigate the use of prophylactic non-invasive ventilation in patients with diaphragm dysfunction who are undergoing extubation.
Conclusion
There is compelling evidence that diaphragm dysfunction is a frequent and serious clinical concern in critically ill patients. In recent years, important progress has been made in the assessment of diaphragm function at the bedside. Whether use of ultrasound is achievable and beneficial beyond the scope of research is an important question that needs to be addressed. Ultrasound may help to better recognize and manage diaphragm dysfunction during weaning from mechanical ventilation. Some preventive strategies may be implemented to tailor ventilatory assistance and maintain diaphragm function while patients are ventilated. Finally, some innovative approaches could also enhance the prognosis of patients; in this context, the use of diaphragm pacing is a promising development.
